Introduction
As intermittent renewable energy generation capacity continues to grow rapidly, energy storage has become a key focal area, essential to assist an efficient transfer towards a decarbonised society. A cost-effective, efficient and scalable technology is crucial to fill this space and facilitate the integration of the booming solar and wind sectors. Energy storage as hydrogen, produced by the electrolysis of water, will be a key player in grid-scale energy storage, as well as playing a vital role in the decarbonisation of transport. This technology allows the buffering of energy supply and demand both in the short term and on inter-seasonal time scales; a key advantage over other methods. Alkaline electrolysis is a mature technology, and systems on the MW scale have been operated for many years [1] . Modern demands on hydrogen production require both low capital costs and high efficiencies, something that modern alkaline electrolysers are looking to address.
Traditional 'finite gap' alkaline electrolysis based on two electrode plates separated by a liquid alkaline electrolyte suffers from low current densities (<250 mA·cm −2 ) at low efficiencies (<60%), principally due to high internal resistance losses [2] [3] [4] . Other water splitting technologies, most notably Proton Exchange Membrane (PEM) electrolysis, have been developed, and demonstrate higher current densities (>2000 mA·cm −2 ) at higher efficiencies (>72 %) [5] [6] [7] [8] . Recent installations on the commercial scale are dominated by PEM technology; however their widespread adoption is limited by the high cost of both the Nafion membrane, and the noble metal catalysts such as platinum or iridium needed because of the acidic environment. Intense development of new catalysts and the availability of a cheap and stable gas separator, together with modern cell design, has led to a resurgence of interest into alkaline electrolysis, with the prospect of both low cost and highly efficient electrolysis being a strong attraction [9] [10] [11] [12] [13] .
Previous work regarding the optimisation of cell design has been principally based around investigations by Nagai et al., who used DC voltage polarisation data to show that a decrease in electrode gap causes cell voltage reductions at low current densities, and demonstrated the experimental exception to Ohms law at high current densities due to the increase of the electrolyte void fraction from the evolved gas bubbles. Nagai et al. proposed the existence of an optimal gap between electrodes of 2 mm at high current densities (>500 mA·cm −2 ) [14] . LeRoy et al. showed that when gas bubbles are being evolved, the increase of the volume fraction of bubbles between the electrode will increase the electrical resistance of the electrolyte, whilst the effect of electrolyte flow on finite gap cell performance was investigated by Zhang and Zeng as well as Bongenaar-Schlenter, showing electrolyte flow to be key to reducing the effect of gas bubbles, especially at high current densities [15] [16] . Zhang investigated cell performance based on the cell polarisation data, which is limited ohmic resistance is not isolated from electrode performance, wheras Bongenaar-Schlenter used a segmented nickel electrode, with multiple reference electrodes to build up a holistic view of the performance inside the cell. Dedigama et al. used Electrochemical Impedance Spectroscopy (EIS) to isolate the ohmic resistance of a PEM electrolyser, and studied the effects of different flow rates and flow regimes, indicating the localised cell heating can be an important factor at low flow rates. No studies on the cell performance have been done for alkaline electrolysis using EIS, which is unique from the PEM setup as the catalyst layer is deposited directly onto the current collector [17] [18] [19] [20] .
The employment of the zero gap cell design, as discussed recently by Pletcher and Li, looks to push the performance of alkaline cells towards that of PEM whilst maintaining the benefits of cheaper cell materials, and works by compressing two porous electrodes either side of a hydroxide ion conducting membrane or gas separator [2] . This achieves a gap between the two electrodes equal to the thickness of the membrane (≤0.5 mm) rather than (≥2 mm) for the traditional setup ( Figure 1 ). Zero gap cell design has been discussed by a number of authors [21] [22] [23] [24] , and its designs demonstrated in an earlier paper [25] , although to the best of our knowledge, its benefits over conventional designs are yet to be directly quantified.
Many different porous electrode morphologies have been reported in the literature regarding alkaline electrolysers, including perforated plates, expanded mesh, woven mesh and metal foam, although no direct comparisons of the structures has been made [22] [21] [26] . The effect of the structural properties of current collectors has been investigated for PEM systems, with the pore size shown to effect the ohmic resistance of the cell, as well as its performance at high current densities [27] [28] .
Information regarding the ohmic resistance of alkaline electrolysis systems is lacking in the literature, with adjustments of design and operating parameters generally investigated only with regards to its effect of cell voltage.This paper quantifies the ohmic resistance savings achieved by employing a zero gap design, as well as demonstrating the effects of current density and electrolyte flow rate on the ohmic resistance of both finite gap and zero gap cell designs. Furthermore, the effect of the electrode morphology on the cell resistance is investigated.
The use of Electrochemical Impedance Spectroscopy (EIS) in this study allows the cell resistance to be decoupled from the overall cell voltage, allowing the effects of cell design to be investigated, without the influence of electrode performance. This is particularly important when making comparisons between setups using different materials, as well as with other setups reported in literature. Current density i, (mA·cm −2 ) and area specific resistance R, (Ω· cm 2 ) are used at all times to allow straightforward comparison of data to other systems.
Cell theory

Cell voltage
The overall voltage of an alkaline electrolysis cell is given by
Where E Rev is the reversible cell voltage (1.23 V at standard conditions), η Anode is the overpotential at the anode, η Cathode the overpotential at the cathode, I the current and R Ohmic the ohmic resistance of the cell.
The motivation to achieve a low cell voltage at useful current densities can be demonstrated using the cell efficiency, which can be expressed as 
E f f iciency
Electrocatalyst materials with low overpotentials are much studied [9] [29] [30] , however investigations regarding the ohmic resistance of the cell are scarce, despite its key impact on cell performance.
Note on resistance
The resistance of an electrolysis cell is expressed as
where R is resistance (Ω), A is cross sectional area (cm 2 ), l thickness of cell (cm), and ρ cell is the specific electrical resistance of the cell (Ω·cm). To allow for easy comparison between setups, area specific electrical resistance R asp is used such that
with units of (Ω·cm 2 ).
Ohmic resistance
The voltage drop between the electrodes can be expressed using Ohms law
Where i is the current density in A·cm −2 , R Ohmic is the area specific resistance of the cell in (Ω·cm 2 ). When no gas bubbles are being evolved,
The area specific resistance of the membrane is constant (due to constant thickness and resistivity), and the area specific resistance of the electrolyte is a function of electrolyte resistivity and distance, such that
Consequently, when the electrolyte is fixed during alkaline electrolysis, R Ohmic varies with l, the distance between the two electrodes.
Electrolyte resistivity
Treating the electrolyte resistivity (ρ electrolyte ) as a fixed value does not hold true in working conditions; LeRoy et al. showed that when current is flowing, and gas bubbles are being evolved, the increase of the volume fraction of bubbles between the electrode will increase the electrical resistance of the electrolyte [31] . Nagai et al. demonstrated that when the electrode gap is small and the volume fraction is large, the electrical resistance of the electrolyte becomes particularly large, and an optimum distance between electrodes was found to exist at high current densities [14] .
The employment of the zero gap design aims to minimise the ohmic resistance by minimising l, the distance between the electrodes, as well as allowing gas bubbles to be released from the backside of the electrodes, reducing the increase in ρ cell due to rise of the void fraction. The ultimate aim of advanced cell design is to eliminate the resistance contribution from the electrolyte, even at high current densities, such that R Ohmic = R Membrane .
Effect of gas bubbles
The effect of electrolytic gas bubbles on the cell performance was investigated further by Zeng and Zhang, who modelled the bubble formation on a metal electrode in a stagnant electrolyte, showing the critical diameter of bubble detachment to be a function of buoyancy, expansion force and interfacial tension force, and showing electrolyte concentration to have a key effect [15] . With electrolyte circulation, the additional forces on the gas bubble cause early detachment of the bubbles, and Zeng and Zhang demonstrate a small reduction in the cell voltage when flowing electrolyte is used; attributed to early detachment of the bubbles. The bulk of the resistance was still present and this was attributed to the bubble curtain between the two electrodes. Bongenaar-Schlenter et al. showed that the electrolyte flow rate reduces the cell resistance in a finite gap cell, with large reductions in cell voltage was reported at high current densities (> 500 mA·cm −2 ), suggesting that the void fraction in the inter-electrode gap being the key factor, and that the effects from the bubble curtain suggested by Zhang could be mitigated. [16] .
Electrode surface morphology
The electrode morphology can have a synergistic effect on both the overpotentials (η) and the ion transport resistance (R Electrolyte ) when using porous electrodes. As such, the electrode morphology must be subdivided into the macroscopic structural morphology and the microscopic surface morphology. The overpotential at an electrode is affected by both the intrinsic activity of the catalyst material, and the effective surface area of the electrode. Modifications of electrode surface morphology are made to increase the real electrode surface area; producing active sites such as cracks and crevices which promote the release and capture of electrons [32] . Raney Nickel is a key example, with its excellent catalytic performance when compared to smooth nickel demonstrated by a number of research groups [33] [34] [26] [35] [36] . This high performance is attributed to its large effective surface area, resulting from its high porosity and nanocrystalline structure. The use of high surface area electrodes with favourable structural morphologies, such as meshes and foams, provide higher surface area substrates than flat plate electrodes; this contributes to a further increase in real surface area, as well as a possible reduction in the ohmic resistance due to smaller ion conduction distances. In this study, the ohmic resistance is decoupled from the overpotentials, but the benefits of employing 3-dimensional electrodes are recognised as being twofold.
Experimental methods
Materials
Stainless steel plates (SS (316), thickness: 1 mm, 3 mm), expanded stainless steel mesh (Dexmet 5 SS (316) 5 − 050A), woven stainless steel mesh (Mesh Direct (SS 316 #12, #40)), expaded nickel mesh (Dexmet 5 Ni 5 − 050A), nickel foam (GoodFellow, thickness: 1.6 mm, porosity: 95%) and sodium hydroxide (≥ 98%, Sigma-Aldrich) were obtained and used as supplied. The cell in 2a allows the inter-electrode gap to be varied from 20 -2 mm, and the zero gap cell in 2b allows this distance to be reduced to the thickness of the gas separator.
Experimental cell design
A square cell was constructed with a surface area of 10 cm 2 ; spacers and gaskets were fabricated using acrylic and silicone to provide a realistic cell which allowed variation of the distance between electrodes. Grade 316 stainless steel plates were polished using 150, 300 and 600 grit sandpaper, then sonicated for 20 mins in acetone and ethanol before being used as electrodes. A Zirfon Perl UTP 500 separator membrane (Agfa) was hydrated for 48 hours in 1 M NaOH before use.
The zero gap components are displayed in figure 2b ; the mesh and foam were cut into 3.15 x 3.15 cm pieces (geometric area 10 cm 2 ) and degreased by sonication in acetone and ethanol for 20 mins each. To remove the oxide layer from the materials, the stainless steel mesh was sonicated in 20 % vol. HNO 3 at 40
• C for 10 mins, and the nickel mesh/foam was sonicated in 5 M HCl solution at 25
• C for 20 mins. All samples were then rinsed in de-ionized water, and dried under a stream of nitrogen. Flow plates were fabricated using 3 mm thick stainless steel plates, with a single channel serpentime flow field etched to a depth of 1.5 mm; the channels were 2 mm, and the islands 1 mm wide, respectively.
Stainless steel mesh was used to compare the zero gap setup to the finite gap design, and nickel mesh was employed to allow direct comparison of cell polarisation data with nickel foam.
Electrochemical characterisation
All electrochemical characterisation was performed using an Ivium-n-Stat multi-channel potentiostat. The ohmic resistance of the cell (R s ) was determined using galvanostatic electrochemical impedance spectroscopy. A signal amplitude of 5 % of the applied current and a frequency range (100 kHz to 1 Hz). R s is equated to the impedance at high frequencies, when the phase angle is closest to zero [37] . All measurements were made at 298 ±2 K. The cell was allowed to reach equilibrium by applying the desired current density for 300 s before any readings were made.
Scanning Electron Microscopy (SEM) pictures were taken with a Hitachi TM 3030 Plus microscope.
Assembly of the test cell
The test cell was assembled using as-prepared stainless steel plates at either end, as demonstrated in figure 2a. Spacers were used either side of the membrane to vary the electrode gap to distances of 2-20 mm, and electrolyte (1 M NaOH) was supplied to the cell via peristaltic pumps, with separate feeds for anodic and cathodic sides to reduce gas mixing in the system. The rate of electrolyte flow is 80 ml·min −1 unless stated otherwise, and was calibrated by manual flow rate measurements.
Results and discussion
Cell voltage and efficiency
The effect of l, the distance between the electrodes, on the cell voltage is demonstrated in figure 3 ; when operating at 250 mA·cm −2 , it is seen to be the dominant contribution to cell voltage. The clear benefit of reducing l can be seen, and the further benefit of utilising a zero gap design is demonstrated. The onset potential is the same throughout the experiments at around 1.75 V, well above the reversible potential of water (1.23 V); this is a function of the intrinsic activity of the electrode materials, which are not optimised in this setup, but remain consistent for all designs. The use of appropriate catalysts (such as Ni-Mo for the cathode, Ni-Fe for the anode) can shift this onset potential towards a more desirable value of 1.5 V.
Cell Voltage (V) 
Characterising the ohmic resistance of different cell designs
The ohmic resistance was initially measured at 1 mA·cm −2 , so that the influence of evolved bubbles could be neglected. These experimental results show that the internal resistance of the cell varied linearly with the distance between electrodes from 2-10 mm; as shown in figure 4a, the deviation from this linearity at 20 mm agrees with similar results from Nagai et al. [14] . The proportionality of the resistance and electrode distance matches well with the theory in section 2, and the figure shows that the lowest internal cell resistance may be achieved when l is equal to the thickness of the membrane. The line of best fit is extrapolated backwards to an electrode gap of 0.5 mm, estimating the membrane resistance to be 0.85 Ω·cm 2 . The zero gap arrangement achieves the lowest cell resistance, although it is still 42 % above the membrane resistance. This difference is principally attributed to the morphology of the porous mesh, such that the transport of ions through solution is not always by the shortest path. Figure 4b shows that for all designs, the ohmic resistance of the cell increased with rising current density due to effects of gas bubbles causing an increase in the void fraction of the electrolyte. The ohmic resistances rose by around 0.4 Ω·cm 2 for all electrode gaps with the exception of the zero gap cell, which had a ohmic resistance change of just 0.1 Ω·cm 2 . This result shows the clear benefit of employing the zero gap cell setup, and can be attributed to the bubbles being transported away from the mesh electrodes via the backside, minimising the contribution of the bubbles to the inter-electrode void fraction. The cell assembly, including the choice of gasket thickness and cell compression were seen to be important factors in the performance of the zero gap cell; the cell tested here was in an optimised state.
These results show a different approach to cell design can overcome the effects that both Zhang and BongenaarSchlenter reported regarding the effects of bubbles. The zero gap arrangement substantially reduces the effect of the bubble curtain, and will require a lower electrolyte flow rate to maintain low ohmic resistance at high current densities when compared to the finite gap cell.
Effect of temperature on cell performance
The effect of temperature on the performance of the zero gap cell was investigated, and the changes in the ohmic resistance of the cell was quantified to extract exact benefits of operating at elevated temperatures. Figure 5a shows that onset overpotentials were slightly reduced, 1.71 V to 1.66 V from 40
• C to 80
• C respectively; this is attributed to favourable electrode kinetics at increased temperatures. A current density of 250 mA·cm −2 was achieved at 2.55, 2.39 and 2.29 V at temperatures of 30, 60 and 80
• C respectively; the reduction in cell voltage is due to both the favourable kinetics at higher temperatures, and the decreased ohmic resistance in the cell. Figure 5b demonstrates the clear reduction on the ohmic resistance achieved by operating elevated cell temperatures, with a 33 % decrease between 30 and 80
• C. These results offer an insight into the cell performance during the running of a working electrolyser. Optimal operating conditions of 80
• C are widely used, however when the system is starting up/shutting down the stack runs at lower temperatures. Our results demonstrate the key effect that temperature has on the cell performance. Figure 6 shows the reduction of the ohmic resistance by flowing electrolyte for a cell with 2 mm spacing; a 0.4 Ω·cm 2 resistance saving was made by increasing the rate of electrolyte flow from 20 ml·min −1 to 80 ml·min −1 at 250 mA·cm −2 . The ohmic resistance savings become more pronounced at higher current densities. Further resistance savings may have been made by increasing the flow rate further, although the energy required to maintain high flow rates acts to negate the energy saving from the cell resistance. These results are consistent with previous studies, and suggests that the ohmic resistance is governed by the void fraction of the electrolyte between the planar electrodes, rather that the more general suggestion of bubble curtain by Zhang et al.. This is evidenced by the sharp reduction in Ohmic resistance associated with flow rate, attributed to the reduced time that each bubble spends in the inter-electrode gap. As the rate of bubble generation is constant, the faster flow rate clears each unit volume of gas in a shorter time, causing a smaller void fraction between the electrodes.
Effect of flow rate of ohmic resistance at different current densities
Towards higher current densities
Both the 2 mm and zero gap cells were tested to higher current densities to investigate its effect on the cells' performance. Figure 7a show that the zero gap cell had a significantly lower voltage at all current densities, even above 500 mA·cm −2 ; this improvement is likely attributable to the excellent gas management properties of the zero gap cell. This suggestion is supported by 7b, which shows that only small increases in ohmic resistance occurred over the measured range of cell current, even when large amounts of gas evolution was observed. This is consistent with other research showing the large effect of the bubble curtain formed in from of the planar electrode at high current densities; the zero gap cell avoids this issue by forcing the gas bubbles to collect in the flow channels away from the inter-electrode gap. These results demonstrate that the zero gap arrangement overcomes the 'optimal' electrode gap demonstrated by Nagai et al., and sets the modern standard for alkaline electrolyser cell design [14] . (b) This plot compares the ohmic resistance of different cell configurations at different current densities; the ohmic resistance is seen to increase with current density for all designs, attributed to the increased resistivity of the electrolyte from the gas bubbles. Notably, the rise in ohmic resistance for the zero gap cell is much lower than for the finite gap designs. Figure 4 : The effect of electrolyte resistance and high rates of gas evolution on the ohmic resistance of the cell was demonstrated.
Comparison of porous electrodes
A variety of structures, including foams, woven meshes and expanded meshes have been reported as electrode substrates. Nickel foam is widely used as a substrate in studies of OER and HER electrocatalysts due to its exceptionally high surface area vs other substrates. As shown in figure 8a, the electrode morphology is seen to affect the ohmic resistance of the cell, with the nickel foam exhibiting the lowest initial ohmic resistance, 2% lower than the expanded mesh. This can be attributed to the lower ion conduction resistance due to the small pores and high surface area of the nickel foam in the immediate vicinity of the gas separator. The coarse woven mesh demonstrates the largest ohmic resistance as expected, due to the large average distance for ion conduction through the electrolyte. These are important result, as it highlights the effect of porous electrode morphology on the ohmic resistance of the cell, a key parameter if alkaline electrolysis is going to be able to compete with the high current densities currently displayed by PEM electrolysers. When operating at high current densities, the chosen foam became clogged with gas, and showed a steep rise in the cell resistance. This is attributed to both its high porosity and thickness, providing many locations for bubble entrapment, as well as unoptimised operating conditions; further increasing the electrolyte flow rate may mitigate this increase in ohmic resistance. Other research has demonstrated effective integration of nickel foam into laboratory cells [38] , indicating that the particular foam tested in this study has some unwanted characteristics. Woven mesh was also found show an increase in the ohmic resistance with current density. The result highlights the need for further research into electrode morphologies, with the criteria focused around providing an electrode with both high surface area, and excellent gas management properties.
Conclusions
Using EIS to decouple the cell resistance and cell voltage, this paper demonstrates the clear benefit of employing zero gap cell design over the conventional finite gap approach, with both a 30 % lower initial ohmic resistance as well as smaller resistance increases at high current densities. These benefits are reinforced by the cell polarisation data with higher efficiencies achieved at higher current densities for the zero gap cell. The use of porous mesh electrodes allow easy design, fabrication and assembly of the cell, and the results show that the existence of the optimal electrode gap exhibited by Nagai et al. can be overcome by employing a zero gap cell design.
The influence of the flow rate on the cell resistance is shown, with increased flow rate causing a decrease in ohmic resistance, reinforcing previous studies.
Furthermore, we demonstrate that the use of foam electrodes reduce the ohmic resistance of the cell by 2 % when compared to the mesh electrodes used in this study, which exhibits a necessary area of future research focused on the optimisation of electrode morphology on the ohmic resistance of the cell, with the aim of low cell ohmic resistance and good gas management properties.
These results show the potential of zero gap alkaline electrolysis to achieve high current densities currently only associated with the PEM technology; allowing this technology to move towards the key target of low cost and highly efficient electrolysis. (a) This plot compares the ohmic resistance at chosen current densities for different electrode morphologies. The initial ohmic resistance of the cell with nickel foam as the electrodes is 2 % lower than the next best of the expanded mesh, the coarse woven mesh has the lowest initial value. This is attributed to the reduced distance for ion conduction between the electrodes. The poor performance of the foam cell at high current densities is ascribed to thickness of the nickel foam, causing gas entrapment in the large quantity of pores. 
